Background. Modular lower extremity robotics may offer a valuable avenue for restoring neuromotor control after hemiparetic stroke. Prior studies show that visually guided and visually evoked practice with an ankle robot (anklebot) improves paretic ankle motor control that translates into improved overground walking. Objective. To assess the feasibility and efficacy of daily anklebot training during early subacute hospitalization poststroke. Methods. Thirty-four inpatients from a stroke unit were randomly assigned to anklebot (n = 18) or passive manual stretching (n = 16) treatments. All suffered a first stroke with residual hemiparesis (ankle manual muscle test grade 1/5 to 4/5), and at least trace muscle activation in plantar-or dorsiflexion. Anklebot training employed an "assist-as-needed" approach during >200 volitional targeted paretic ankle movements, with difficulty adjusted to active range of motion and success rate. Stretching included >200 daily mobilizations in these same ranges. All sessions lasted 1 hour and assessments were not blinded. Results. Both groups walked faster at discharge; however, the robot group improved more in percentage change of temporal symmetry (P = .032) and also of step length symmetry (P = .038), with longer nonparetic step lengths in the robot (133%) versus stretching (31%) groups. Paretic ankle control improved in the robot group, with increased peak (P ≤ .001) and mean (P ≤ .01) angular speeds, and increased movement smoothness (P ≤ .01). There were no adverse events. Conclusion. Though limited by small sample size and restricted entry criteria, our findings suggest that modular lower extremity robotics during early subacute hospitalization is well tolerated and improves ankle motor control and gait patterning.
Introduction
There is now convergent evidence that central nervous system (CNS) injuries can be at least partially offset through experience-dependent plasticity in the neural networks that control movements. [1] [2] [3] However, motor practice with the affected limb(s) is needed to shape the emergent networks. This notion of time on task, along with goal setting and performance feedback, is a fundamental principle of motor learning. 4 The goal of central neural reorganization subserving functional movement has been associated with repetitive, goal-oriented practice using the impaired limb. [5] [6] [7] [8] [9] Thus high-volume task-oriented training has been a major research focus for restoring motor function in individuals with hemiparetic stroke.
The use of robotic devices to augment usual therapy has gained considerable attention because it could offer a platform to achieve many of the objectives inherent to motor learning. 10, 11 Along with capabilities for individualized programming and precise measurement, robots can enable thousands of goal-oriented movements with performance feedback. In the area of robotic gait therapy poststroke, most studies have targeted whole body locomotor training to promote task specificity. [12] [13] [14] [15] [16] [17] [18] In contrast, modular robotics directed at single joints [19] [20] [21] [22] [23] [24] or limbs invites a focus on addressing impairments in underlying motor control and learning, while affording opportunities to explore effects on gait. Potential for transfer to locomotor performance is reported in recent studies of robotic ankle training in chronic stroke. 25, 26 Given these positive results in chronic hemiparesis, one might hypothesize that an ideal time to push the CNS toward more effective reorganization is during the earlier periods of subacute stroke recovery when the biological milieu may be poised for remodeling. Although there are concerns based on rodent models and with human participants that imposing too much activity too early after stroke may be detrimental, [27] [28] [29] [30] recent evidence suggests that initiating robotic therapy 48 hours after stroke, including with lower extremity (LE) robotics, is not harmful and may accelerate functional gains. [31] [32] [33] [34] Thus, our objective is to investigate if there are measurable benefits from providing modular LE robotics early in the recovery period.
Here, we report initial results on the feasibility and efficacy of a modular, impedance-controlled ankle robot 24 ("anklebot") in the early subacute phase of stroke. The first goal was to determine how well patients in the rehabilitation hospital setting would tolerate daily use of anklebot and how well this protocol would mesh with usual inpatient care. We also determined if daily anklebot training improves paretic ankle motor control and spatiotemporal gait parameters in patients that initially have at least a trace of ankle muscle activation, compared with controls receiving dosematched amounts of manual stretching of the paretic ankle.
Methods

Subjects
A convenience sample of consecutive patients with hemiparetic stroke and at least trace activation of paretic plantar-or dorsiflexors (PF-DF), and who were available to participate 5 days weekly, was recruited from the inpatient Stroke Unit at the University of Maryland Rehabilitation & Orthopaedics Institute (UMROI). Recruitment and informed consent procedures were approved by University of Maryland, Baltimore, Institutional Review Board, Baltimore Veterans Affairs Research and Development Committee, Massachusetts Institute of Technology Committee on the Use of Humans as Experimental Subjects, and the Medical Executive Committee for UMROI.
Inclusion criteria included (1) first ischemic or hemorrhagic stroke; (2) residual LE hemiparesis involving the ankle, defined by manual muscle testing (strength range grade 1/5 to 4/5, capable of generating at least trace muscle activation in PF-DF; (3) adequate language and neurocognitive function (eg, follow 2-step commands) to participate in training, testing, and to give informed consent; and (4) clinical, neurological, and hemodynamic stability to sit in the chair for 30 to 60 minutes per session of ankle training.
Exclusion criteria included (1) total plegia (0/5) at paretic ankle; (2) fixed or painful contractures or other LE pain syndrome that could impede participation; (3) dementia, based on clinical diagnosis; (4) orthopedic, arthritic, or inflammatory condition limiting ankle movement; (5) known or suspected current or recent (<3 months) signs or symptoms of deep venous thrombosis or pulmonary thromboembolism; (6) vision impairment to preclude visual tracking needed for training; and (7) severe receptive or global aphasia confounding testing and training.
Experimental Design
After obtaining informed consent and completion of baseline testing, subjects were block randomized to either robotics or the stretching group. Because participants were made aware of potential assignment to either group, blinding to treatment was not possible. All subjects received usual physical therapy in accordance with inpatient standards of care.
Robotic Training
Anklebot Setup. The anklebot's proximal attachment was mounted anterior to an orthopedic knee brace lined with foam pads and cushioned straps to maximize comfort and provide protection from skin irritations ( Figure 1A ). Distal attachments were secured to a modified orthopedic shoe. Additional protection was provided by pads where subjects indicated sensitivity to pressure. Shoe fit was aided with foam insoles and socks as required. Subjects sat in a modified Geri chair with adjustable back-leg rest mechanisms affording optimal postural alignment during training, with a knee brace secured to a mounting plate for support and knee immobilization. A seatbelt was secured around the pelvis to limit proximal hip and thigh motion. The paretic lower leg was positioned at ~45° on a cushioned support, isolating the foot to move freely about the ankle. Subjects were then introduced to the video "racer" game that was subsequently used to assess paretic ankle motor control.
Performance-Based Training. Seated anklebot training, provided for ~60 minutes as a supplement to usual therapy, was conducted with volitional ankle movements visually guided by moving targets ("gates"; Figure 1A and B). Instructions were to dorsi-or plantarflex the ankle to move a cursor "up" or "down," or to invert or evert (INV-EV) to move the cursor "right" or "left" to pass through the gates delivered in blocks of 25 targets. Blocks alternated between DF-PF and INV-EV. Gates appeared every 4 seconds, allowing time to anticipate arrival and attempt to move the cursor for clear passage. Gates were located at different vertical and horizontal levels to span the DF-PF and INV-EV workspaces, with locations scaled to each subject's paretic ankle active range of motion (AROM) measured prior to each session. Gate locations were scaled within 80% AROM in PF-DF and INV-EV ranges with two intermediate gates at 40% AROM. If subjects could not generate an AROM in a particular direction, targets were scaled to 80% passive range of motion. Additional feedback on performance consisted of a cumulative score indicating the number of successful gate passages.
Training sessions began (and ended) with an abbreviated "record only" trial without robotic assistance to assess volitional ankle motor control. Following this, a series of longer "assist as-needed" trials were conducted. Assist-as-needed means that the impedance controller creates a "slot" between the initial position and target. The user can move freely within the slot. If movement is not initiated within 2 seconds, the robot provides graded assistance by closing the backwall of the slot to move the ankle. The amount of assistance depends on user's ability to move ahead of the collapsing backwall of the slot; however, the robot will not fully complete the task without some volitional movement. Sessions totaled 8 to 10 blocks as tolerated with adequate rest periods to achieve ≥200 daily repetitions. Task difficulty, including gate locations and speed of appearance, were adjusted on a session-by-session basis based on AROM and success.
Manual Stretching Protocol. The stretching group received stretching sessions in a clinic that was physically separate from the robotics training center ( Figure 1C ). Subjects remained as relaxed as possible while the paretic ankle was manually moved in DF-PF or INV-EV. This was repeated every 4 seconds with 25 movements per block, approximating the movement rate of the robot group, with the entire session consisting of 8 to 10 blocks totaling ≥200 movements to approximate the number of daily repetitions received by the robot group.
Assessments. Subjects were assessed at the beginning and completion of training with clinical and robot-based measures to evaluate ankle impairment and function. Assessments included timed floor walks (8 m), the Berg balance test, the motor (ambulatory) component of the functional independence measure (FIM), and indices of volitional paretic ankle control derived using robot-measured positional data. AROMs were measured using the robot in the DF-PF and INV-EV ranges, and muscle strength was evaluated by manual muscle test (MMT). Clinical measures were performed by the same physical therapist; testers were not blinded to treatment owing to limited personnel in this pilot study.
Self-selected walking was performed on an 8-m instrumented gait mat (CIR Systems, Havertown, PA). Spatiotemporal measures included mean velocity, cadence, stride length, step lengths, step times, and relative times in paretic single limb support and double limb support. A derived measure, interlimb symmetry, was calculated as the ratios of paretic-to-nonparetic (P:NP) step times and step lengths. All tests were repeated 2 to 3 times, with steadystate gait observed by starting data collection after 2 strides. Subjects were asked to first walk at a comfortable selfselected speed and then, if possible, at a fast safe walking speed. During gait assessments, subjects used the least restrictive assistive device with therapist assistance as needed, and seated rests were given between trials.
Measures of paretic ankle motor control were derived using robot-measured unassisted kinematics 26 at baseline and posttraining before discharge. Outcomes included peak and mean angular speed averaged across DF-PF movements, movement smoothness quantified by normalized jerk (first derivative of acceleration, divided by peak speed), and task accuracy as the number of successful passages.
Statistical Analyses
Statistical treatment of the data was performed using SPSS version 20. For parametric analyses, a repeated-measures analysis of variance was used to test hypotheses that changes in group means over the course of the inpatient stay were significantly different, with post hoc t tests applied as warranted. Nonparametric analyses for baseline and discharge data used the Wilcoxon signed-rank test and for ordinal data (eg, MMT ratings), the Wilcoxon ranksum test. Paired t tests were used for within group comparisons and to compare the between group means of relative change on gait parameters. The significance level was set at P < .05.
Results
Thirty-nine consecutive subjects were randomized. Five were not included in the analysis for the following reasons: study-unrelated medical complications (n = 1), unable to complete 5 training sessions prior to discharge (n = 1), time poststroke >49 days (n = 2), and noncompliance (n = 1). Of 34 subjects completing the protocol, 18 were in the robot group and 16 in the stretching group. Both groups were similar in terms of baseline clinical and demographic features (Table 1) . They averaged the same number of training sessions (robot, 10.9 ± 1.0; stretch, 10.3 ± 0.8; P = .620). 
Clinical Assessments
Changes in clinical measures did not achieve significant interactions. Both groups made significant gains in ambulatory FIM scores, with the robot group improving from a mean ± standard error of 1.1 ± 0.1 to 4.1 ± 0.4 and the stretching group from 1.0 ± 0.0 to 3.9 ± 0.5. Floor walking velocity also increased for both groups (F 1, 30 = 41.82; P < .001), from 19.1 ± 3.0 to 37.2 ± 4.9 cm/s in the robot group and from 19.3 ± 3.2 to 33.6 ± 4.9 cm/s for the stretching group. Berg balance scale increased for both groups (F 1, 30 = 43.2; P < .001), from 17.9 ± 2.5 to 38.9 ± 3.0 in the robot group and from 16.3 ± 2.9 to 31.1 ± 3.5 in the stretching group. AROM in DF-PF changed only in the DF range, with a main effect for time (F 1, 30 = 20.61; P < .001); the robot group's mean increased 19.1° ± 4.4° compared with the stretching group's gain of 9.8° ± 4.5°. Changes in MMT scores in the robot group for the dorsiflexors increased 2.0 points compared with 1.0 point in the stretching group (P = .090). This amounts to a change from trace DF to antigravity AROM with robotics versus trace amount to AROM out of the plane of gravity for controls. Plantarflexor MMT gained 1.2 and 0.8 points for the robot and stretching groups, respectively, but the difference in gains was not significant (P = .300).
Gait Temporal-Distance Parameters
Two subjects in the robot group were not able to complete baseline walks because of severity of gait deficits and were not included in the analysis. Because nearly all participants were unable to increase walking speed above their selfselected effort, gait analyses were performed on the selfselected speed only. Analysis of interlimb temporal symmetry produced a significant group × time (G × T) interaction favoring the robot group (F 1, 30 = 4.50; P = .042) along with a main effect for time (F 1, 30 = 6.75; P = .014). Post hoc tests indicated a significant decrease toward an ideal 1:1 interlimb temporal symmetry by the robot group (P = .005) compared with the stretching group (P = .737). Comparisons of the mean percent changes in step time ratios showed a similar effect for the robot group making greater progress toward 1:1 temporal symmetry (P = .032; Figure 2A ). The baseline step time symmetry values did not show a difference between groups (P = .371).
The robot group also demonstrated greater improvements in percentage change of interlimb spatial symmetry (P = .038; Figure 2A) ; however, the G × T interaction for the absolute step length ratios did not achieve significance (F 1, 30 = 2.53; P = .12). The groups did not differ at baseline (P = .173). The main effect for paretic step lengths showed an increase for both groups (F 1, 30 = 9.01; P = .005). The major contributor to the greater relative change in the robot group's spatial symmetry was a larger increase in the NP step length versus that of the stretching group. A strong trend in the G × T interaction (F 1, 30 = 4.10; P = .052) and post hoc t tests affirmed that both groups increased NP step length, but the robot group's 133% (P < .001) shift toward symmetry was larger than the 31% (P = .015) for the stretching group. In absolute terms this amounts to a mean 13.2cm gain in the NP step length with robotics training, compared with only 6.2 cm for controls. Analyses of several other gait parameters ( Table 2) reflected substantial improvements in walking over the course of hospitalization. Effect sizes (Cohen's d) for step time symmetry and NP step length were 0.75 and 0.71 for the robot group respectively, compared with 0.03 and 0.50 for the controls.
Paretic Ankle Motor Control Measures
Evaluations of paretic ankle motor control were based on participants' performances on unassisted trials of the robot racer game at baseline and at discharge ( Figure 2B ). Because their strokes were relatively recent (on average, 11 days post onset) some subjects were not able to produce sufficient movements to yield adequate baseline measures for these analyses. Results for the angular velocity and success measures used data from 18 subjects in the robot group and 12 subjects in the stretching group. Analysis of the normalized jerk data was further limited to 13 in the robot group and 9 in the stretching group because of the fact that it was impossible to calculate normalized jerk when baseline velocity was zero. Between-group t tests on the baseline variables established that the groups did not differ on peak angular velocity (P = .951), mean angular velocity (P = .529), or percentage of successful passages (P = .447). The groups were different on normalized jerk, showing that the stretching group was significantly smoother in the unassisted baseline attempts (P = .034).
The peak angular velocity achieved significance in the G × T interaction (F 1, 28 = 4.42; P = .045) and the main effect for time (F 1, 28 = 18.65; P < .001; Table 3 ). Post hoc t tests showed that the robot group made substantially greater gains (106%; P < .001) than the stretching group (33%; P = .223). The mean angular velocity values followed a similar trend with the G × T interaction (P = .055) and a significant main effect for time (P = .003). Paired t tests showed gains of 141% in the robot group (P = .002) versus 25% in the stretching group (P = .312). Movement smoothness (normalized jerk) produced a significant a G × T interaction (F 1, 20 = 6.45; P = .019), and a main effect trend for time (F 1, 20 = 3.93, P = .061). In this measure, smoother movements result in lower values. On average the robot group decreased normalized jerk (−24%; P = .006), compared with the stretching group who were essentially unchanged (+4%; P = .688). Figure 2b depicts examples that compare DF/PF traces of two subjects before and after each intervention to highlight the changes in trajectory smoothness. Effect sizes for peak angular velocity and normalized jerk were 0.77 and 1.12 for the robot group, respectively, compared with 0.38 and 0.14 for the controls.
Targeting success produced a strong main effect for time (F 1, 28 = 49.32; P < .001), indicating that both groups improved, but without significant GxT interaction. The robot group increased successful targeting by 168% compared with 117% by the stretching group.
Discussion
This randomized pilot study is the first to investigate the use of impedance-controlled ankle robotics in the early subacute phase of stroke, showing that anklebot training . Note that the initial ankle positions (at 0 seconds) are influenced by the location of the preceding target. The movement traces also illustrate time-to-target, that is, velocity differences (steeper slope = faster movements) and improved ranges of motion for both groups over the course of hospitalization, although more pronounced for the robot trainee whose data are shown (note scale differences on yaxes Pre-Post in both DF and PF).
produces superior gains in paretic ankle motor control and spatiotemporal measures of interlimb symmetry, compared with reference treatment controls that received matched amounts of ankle stretching therapy. These group differences were within the context of large improvements for both groups in the ambulatory FIM, walking velocity, and Berg balance measures. Our findings suggest that seated, modular joint specific robotics superimposed on early stroke rehabilitation can be used by patients across a wide range of paretic ankle deficits to reduce motor impairments that translate into improved gait patterning. Though upper extremity impedance-controlled robotics has proven successful in randomized controlled trials for chronic stroke, 35 there is controversy regarding the lower extremity, with current recommendations against the routine use of robotic-based therapy because of evidence that such interventions are either "ineffective" or that the "harms outweigh benefits." 11 While such findings have steered many investigators toward robotics as an adjunct, not replacement, for conventional rehabilitation, prior LE robotics studies are limited from a neuromotor learning perspective. Though many robotics technologies deployed to date provide highly repeatable locomotor patterns, this approach may constrain motion to an idealized pattern, limiting volitional elements and progression, which are key components of motor learning. Furthermore, most LE robotics approaches have focused on whole body locomotor patterning and not motor learning across specific joints to address stroke impairments.
Our study uses an approach that isolates the ankle in a seated position with therapy administered very early poststroke when many patients have extremely limited ambulatory capacity. This impairment-based approach may contribute to the improvements observed in this early stroke recovery period. In individuals with chronic hemiparetic stroke, robotics interfaced with virtual reality training has been shown to translate to improved whole body mobility function. 25 These findings corroborate our prior studies showing seated anklebot training improved both ankle motor control and hemiparetic walking velocity in chronic stroke. 26, 36 Thus using modular, joint specific robotic therapy to address fundamental impairments and motor control may improve function across the continuum of care. 37 The functional implications from our findings of improved paretic ankle motor control and more symmetric walking patterns suggest that modular robotics may generalize to improve other elements of activities of daily living requiring mobility and balance control. The nearly 2-fold increase of the mean peak angular velocity to ~60°/s moved the robotics group closer to values observed in slow normal walking, where peak ankle angular velocities between heel strike and foot flat events are about 130 to 140°/s and about 80 to 90°/s just prior to push-off phase. 38 Increased speed of ankle control may also enhance responsiveness to balance perturbations in the anterioposterior [39] [40] [41] and mediolateral directions. [42] [43] [44] Although our results do not yet indicate a normal ability to deliver sufficient ankle contribution to these real-world tasks and challenges, they do suggest that modular robotic training can accelerate recovery of ankle motor control toward better outcomes in other basic mobility and balance domains.
The observed shifts toward greater interlimb symmetry of bilateral step times and step lengths suggest positive changes in the ability to coordinate and control the limbs while walking. Though each group made similar gains in gait velocity, cadence, and stride length, there were differential changes bilaterally in the component step times and step lengths that led to the group differences in interlimb symmetry. The robot group's reduction in step time symmetry was because of the combined effect of a greater decrease in paretic step time (37%) with a smaller decline in the NP step time (10%). The stretching group also decreased step times, but to about the same degree bilaterally (23% to 25%), and with no temporal symmetry change. Both groups increased paretic step length about 4 to 5 cm (when forward propulsion is largely generated by the NP side), but the robot group produced a 133% increase in the NP step length (when propulsion comes from the paretic side) compared with 31% for the stretching group. In absolute terms, the 13-versus 6-cm gain in NP step length suggests the robot group acquired greater paretic side stability and push-off, which is linked to reduced severity of hemiparesis. 45 These differences in interlimb ratios may be related to improved motor control at the paretic ankle, and may also signify changes toward a shifting balance of inhibition and disinhibition between cortical hemispheres, as modeled for upper extremity in stroke recovery. [46] [47] [48] [49] Together, these findings suggest a potential for decreased reliance on compensatory strategies in lieu of optimizing neuromotor recovery.
Study Limitations
This study is limited by small sample size and entry criteria restricted to patients with at least trace DF-PF ankle motor strength. Our intervention was limited to only 10 sessions (average) during the short inpatient rehabilitation stay. We did not evaluate retention to assess whether these gains were preserved or associated with other metrics of gait or balance function. Further limitations stem from our pilot design in which neither subjects nor testers were blinded to treatment assignment. Hence we cannot generalize our findings to the larger stroke population. Also, the robot group had more training experience with the device, which could influence motor control outcomes in unassisted assessments. Regardless, anklebot training during inpatient stroke rehabilitation appears well tolerated and effective for improving ankle motor control and interlimb coordination. Anecdotally, increased awareness and enthusiasm among the clinical staff for anklebot therapy suggests that it can be integrated into inpatient rehabilitation care. While this pilot shows feasibility for selected neuromotor outcomes, further studies are needed to optimize motor learning strategies to exploit visually evoked and visually guided training paradigms. 20, 50 Another consideration is to broaden the entry criteria to include patients having flaccid responses at the ankle, as the robot can still engage them in terms of making efforts to move and assisting as-needed to keep them engaged with the effort. The potential for a more systematic approach is suggested by the challenge point theory that highlights setting optimal levels of task difficulty to promote motor learning. 51 Future research needs to examine LE robotics training over a longer time course, beyond the inpatient rehabilitation phase and into the outpatient clinic, and also to monitor durability of responses beyond the period of training. One rationale for deploying robotics as early as possible poststroke is that an impairment based regimen might shape the naturally occurring neural plasticity toward greater functional benefit, for example, improved interlimb coordination and control. Precedent for detecting training induced neuroplasticity in LE motor control in the chronic phase of stroke suggests that characterizing the neurophysiological mechanisms across the early subacute phase is warranted. 6, 8, 52, 53 Another future consideration is that the passive mobilization approach for the control group would not be an ideal reference treatment for a rigorous comparative effectiveness trial, which would consist of blinded evaluations and might show active ankle exercises to be as effective as anklebot.
Conclusions
The present study offers proof of concept that an impairment-based approach for implementing LE robotics in the rehabilitation hospital setting may be a beneficial adjunct to usual therapies. The major benefits include improved ankle motor control and spatiotemporal symmetry of gait. Future studies need to focus on how the intervention can be effectively calibrated to the changing patient deficit levels to enhance motor learning and to determine the intensity, dosage, and temporal profile for LE robotics to improve mobility function after stroke.
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